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Anti-Neural-Inhibition: Minireview
A Conserved Mechanism
for Neural Induction
Ethan Bier of the embryo, but as a repressor of genes expressed in
Department of Biology dorsal cells. In ventral cells, the mesoderm-determining
and Center for Molecular Genetics genes twist and snail are activated by peak levels of
University of California, San Diego Dorsal. Lower levels of Dorsal activate expression of
9500 Gilman Drive rhomboid (rho) in lateral presumptive neuroectodermal
La Jolla, California 92093-0349 cells. Similarly, lateral expression of short gastrulation
(sog) is dependent on Dorsal, although it remains to be
determined whether this effect is due to direct activa-
Ever since Spemann and Mangold showed that the dor- tion. A cluster of related bHLH-encoding genes compris-
sal lip of the Xenopus embryo could organize sur- ing the achaete-scute complex (AS-C) are also ex-
rounding cells to form a complete embryonic axis, devel- pressed in lateral cells. Dorsal, however, is not an
opmental biologists have been in search of endogenous essential activator of these genes. Cells of the dorsal
embryonic-inducing molecules. Among themost sought nonneural ectoderm have undetectable levels of nuclear
after molecules were the putative neural inducers sup- Dorsal, which permits the expression of several genes
plied by mesodermal cells of the Spemann organizer,
including decapentaplegic (dpp), zerknuÈ llt (zen), and tol-which could induce overlying ectodermal cells to form
loid (tld). In ventral and lateral cells, Dorsal represses
neural structures. Most investigators thought of neural
expression of these target genes.inducers as substances actively promoting neural devel-
Sog Prevents Dpp Signaling from Invadingopment. However, recent work in both vertebrates and
the Neuroectoderminvertebrates favors the more convoluted hypothesis
While themother is responsible for determining theposi-that the default state of ectoderm is neural and that
tion of lateral neuroectoderm versus dorsal nonneuralthis developmental program is actively blocked in naive
ectoderm in Drosophila, zygotic genes expressed inectoderm by a neural inhibitor. Consistent with this view,
each of these domains are required to maintain thatseveral recently identified endogenous neural inducers
initial subdivision. Two genes that play a pivotal role infunction by neutralizing a neural inhibitor. Thus, neural
the neural versus nonneural subdivision of the ectoderminducers provide a permissive condition for neurogen-
are sog and dpp. dpp is expressed in dorsal nonneuralesis through a double negative mechanism. Experi-
cells and encodes a secreted TGF-b family memberments favoring this model in vertebrates have been re-
(Dpp) most related to the vertebrate bone morphogeneticviewed recently (Hemmati-Brivanlou and Melton, 1997).
The purpose of the current review is to summarize re- protein 4 (BMP-4), while sog is expressed in theneuroec-
sults supporting a similar model in the invertebrate Dro- toderm and encodes a predicted extracellular protein
sophila and to compare what is known about early neu- (Sog) similar to vertebrate Chordin (Chd) (FrancË ois and
rogenesis in vertebrates and invertebrates. Although Bier, 1995). Both Dpp and Sog are likely to diffuse from
there is a remarkable degree of evolutionary conserva- their sites of production into adjacent territories. As dis-
tion in the mechanisms mediating subdivision of ecto- cussed in the following section, Dpp and Sog are ex-
derm into neural versus nonneural components, it is pressed in the same relative patterns as BMP-4 and
likely that organism-specific genetic pathways also con- Chd, respectively, and these homologous pairs of mole-
tribute to basic neural patterning. cules are functionally interchangeable between flies and
The Mother Determines the Position of the frogs (Figure 2).
Neuroectoderm in Drosophila sog and dpp function antagonistically several times
Positional information provided solely by the mother is during Drosophila embryogenesis and pupal develop-
sufficient to subdivide the Drosophila embryo into three
ment (Ferguson and Anderson, 1992; FrancË ois et al,domains (ventral, lateral, and dorsal) corresponding to
1994; Biehs et al., 1996; Yu et al., 1996). In the early
three basic tissue types (mesoderm, neuroectoderm,
blastoderm embryo, sog opposes dpp in two differentand nonneural ectoderm). Ovarian follicle cells collabo-
rate with the oocyte to activate an extracellular comple-
ment±related protease cascade culminating in the pro-
duction of a ventral signal called SpaÈ tzle. The SpaÈ tzle
signal generates a nuclear concentration gradient of the
NF-kB-related Dorsal transcription factor in the re-
sponding embryo (reviewed by Rusch and Levine, 1996).
Nuclear Dorsal levels are high in ventral presumptive
mesodermal cells, lower in lateral cells comprising the
neuroectoderm, and absent in cells giving rise to non-
neural ectoderm (Figure 1).
Once in the nucleus, maternal Dorsal determines dor-
sal/ventral (D/V) domains of zygotic gene expression in
Figure 1. The Maternal Dorsal Gradient Subdivides the Drosophilaa concentration-dependent fashion (Figure 1) (reviewed
D/V Axis into Three Basic Tissue Typesby Rusch and Levine, 1996). Dorsal functions as an acti-
vator of genes expressed in ventral and lateral regions See text for details.
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hold for the action of the vertebrate homologs Chd and
BMP-4. chd is expressed in the dorsal mesoderm of the
Spemann organizer. Prior to gastrulation, these cells
provide planar signals that induce neural development
in the adjacent neuroectoderm. Following mesoderm
involution, Spemann organizer cells contribute to the
notochord, which sends additional vertical neural-
inducing signals to the overlying ectoderm. Chd blocks
the neural suppressive activity of BMP-4 signaling and
presumably restricts this action of BMP-4 to the nonneu-
ral ectoderm (Figure 2). While there may be differences
Figure 2. Antagonism of Neural Inhibition in the Neurectoderm of between flies versus frogs in how maternal mechanisms
Invertebrates and Vertebrates
activate sog or chd in the neuroectoderm and dpp or
See text for details. BMP-4 in the nonneural ectoderm (see below), several
lines of evidence suggest that these homologous zy-
gotic gene sets function by conserved mechanisms to
contexts: (1) Sog prevents Dpp signaling from invading maintain subdivision of the ectoderm.
the neuroectoderm (Biehs et al., 1996), and (2) Sog is First, Sog/Chd and Dpp/BMP-4 are functionally inter-
required for subdividing the dorsal region into amnioser- changeable between flies and frogs. Vertebrate BMPs
osa (the dorsal-most domain) and dorsal nonneural ec- can substitute for Dpp in flies and vice-versa, and Dro-
toderm, most likely by creating a Dpp activity gradient sophila Sog can mimic the function of Chd in frogs and
(Zusman et al., 1988; Ray et al., 1991; Ferguson and vice-versa (Padgett et al., 1993; Holley et al., 1995;
Anderson, 1992; FrancËois et al, 1994). Schmidt et al., 1995).
In the early embryo, Dpp signaling functions both to Second, the only known function of Sog/Chd is to
maintain expression of dorsally acting genes and to sup- inhibit Dpp/BMP-4 signaling. Consistent with Chd acting
press expression of neuroectodermal genes. Several to inhibit BMP-4 activity, Xenopus Chd binds to BMP-4
dorsally acting genes are transcriptionally activated by with high affinity (Picolla et al., 1996). In flies, the evi-
Dpp signaling including zen (Ray et al., 1991) and dpp dence for Sog functioning as a dedicated Dpp antago-
itself (Biehs et al., 1996). The positive feedback loop nist derives from comparison of dpp2 or sog2 single
through which Dpp signaling activates its own expres- mutant embryos with embryos lacking both dpp and
sion is referred to as autoactivation. Among the genes sog function. The phenotypes of sog and dpp single
repressed by Dpp signaling are those of the AS-C mutants are opposite in several respects (Ferguson and
(Skeath et al., 1992; Biehs et al., 1996), which provide Anderson, 1992; FrancËois et al., 1994), reflecting the
a necessary precondition for neural development. Be- antagonistic relationship between these two genes. If
cause AS-C genes can be expressed dorsally in the the only action of Sog were to block Dpp signaling, it
absence of Dpp and nuclear Dorsal, Dorsal plays little, should not matter whether sog were present or absent
if any, role in restricting AS-C expression to lateral cells. in embryos lacking dpp function. Consistent with this
Expression of AS-C in the absence of Dorsal is consis- expectation, sog2; dpp2 double mutant embryos have
tent with the formation of cuticle having partial neuroec- exactly the same phenotype as dpp2 single mutants
todermal character in dpp dl double mutant embryos as judged by the expression of various discriminating
(Irish and Gelbart, 1987). Thus, Dpp signaling simultane- markers (Biehs et al., 1996) and by examination of final
ously promotes dorsal nonneural ectodermal cell fates cuticle phenotypes (Holley et al., 1996). Furthermore,
while it suppresses neuroectodermal fates. misexpression of sog in dpp2 mutants does not aggra-
As the mother initially restricts dpp expression to dor- vate the dpp2 phenotype (Biehs et al., 1996). The antag-
sal cells through the repressive action of Dorsal, one onistic relationship between dpp and sog appears to be
could ask why it should be necessary to have a Dpp general since, during pupal wing vein development, Sog
antagonist such as Sog in the neuroectoderm? The rea- blocks Dpp autoactivation in non-vein cells (Yu et al.,
son is schematically represented in Figure 2. Dpp pro- 1996). Analysis of two zebrafish mutants called swirl
tein produced in dorsal cells diffuses down into the and dino (Hammerschmidt et al., 1996), whichhave char-
neuroectoderm where it can autoactivate to induce de acteristics strikingly similar to those of Drosophila dpp
novo dpp expression. This results in an invasive positive and sog mutants, respectively, suggests a similar inter-
feedback loop (i.e., Dpp diffuses into the non-dpp ex- action between BMP-4 and an antagonist in early fish
pressing domain and activates dpp expression in those neurogenesis. Injected BMP-4 can phenocopy dino mu-
cells). Dpp diffusion and autoactivation are useful prop- tants and partially rescue swirl mutants, whereas injec-
erties for assuring that all cells within the dorsal domain tion of a dominant negative BMP-4 receptor can pheno-
assume a nonneural fate. However, active opposition of copy swirl mutants and partially rescue dino mutants.
Dpp signaling within the neuroectoderm is necessary to Most critically, the phenotype of dino; swirl double mu-
prevent dpp expression from spreading throughout the tants is the same as that of swirl single mutants.
entire ectoderm (Biehs et al., 1996). Third, in both flies and frogs, the Dpp/BMP-4 pathway
Conserved Mechanisms Maintain Neural Versus can autoactivate in the neuroectoderm. As discussed
Nonneural Subdivision of the Ectoderm above, Dpp produced in the dorsal nonneural ectoderm
The proposed model for Sog blocking Dpp autoacti- can diffuse laterally and autoactivate in the neuroecto-
derm of sog mutant embryos (Biehs et al., 1996). Whenvation in the Drosophila neuroectoderm also seems to
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this happens, expression of other dorsally acting genes
such as zen and tld is induced and expression of neu-
roectodermal genes is repressed. In Xenopus, a similar
positive feedback loop has been revealed through the
analysis of a homeobox protein known as Vox (or
Xvent-2, Xom). Vox is normally expressed in the same
cells as BMP-4. If Vox is misexpressed in the neuroec-
toderm, it induces BMP-4 expression, and if BMP-4 is
Figure 3. Do Dpp and BMP-4 Participate in Subdividing the Neuro-misexpressed, vox expression is activated (Schmidt et
genic Region into Dorsal and Ventral Components?al., 1996). Thus, the cycle of Vox→BMP-4→Vox appears
to form a positive feedback loop, although it is unclear In Drosophila, the homeobox genes msh and vnd are expressed in
abutting D/V domains within the neuroectoderm. msh is expressedwhether Vox directly or indirectly regulates BMP-4 ex-
in the dorsal neuroectoderm adjoining the Dpp-expressing nonneu-pression. It has yet to be established whether BMP-4
ral ectoderm, and vnd is expressed in the ventral portion of neuroec-expression can spread into the Spemann organizer re-
toderm bordering the ventral midline in approximately the same
gion in the absence of BMP-4 antagonists; however, cells as those expressing the rho gene. In contrast, Sog is expressed
there is evidence for such invasive autoactivation in fish. throughout the entire neuroectoderm. In ventral neuroectodermal
Thus, in dino mutants, which lack a putative BMP-4 cells, EGF-R activity supresses msh expression, and in dorsal neu-
roectodermal cells, Dppactivity suppressesvnd expression. In addi-antagonist, BMP-4 expression is observed throughout
tion, Dpp suppresses msh expression in the dorsal nonneural ecto-the ectoderm (Hammerschmidt et al., 1996).
derm (see D'Alessio and Frash, 1996, and references therein forIt is also possible that regulation of several potential
the regulation of msh and vnd). In vertebrates, homeobox genes
downstream neuroectodermal genes has been con- homologous to msh and vnd are expressed in similar relative pat-
served between Drosophila and vertebrates (Figure 3). terns within the neural plate. Msx (the vertebrate msh homolog) is
For example, the Drosophila vnd gene, which is homolo- expressed in neuroectodermal cells nearest the BMP-4-expressing
nonneural ectoderm, and Nkx-2 (the vnd homolog) is expressed ingous to vertebrate homeobox gene Nkx-2, is expressed
cells bordering the future ventral midline of the neural tube (i.e.,in the ventral portion of the neuroectoderm; and the
floorplate). Bold arrows and lines indicate strong effects and narrowhomeobox gene msh, which is homologous to verte-
or dotted arrows and lines indicate weaker or undetected effects.
brate Msx, is expressed in the dorsal neuroectoderm.
In flies, Dpp plays a role in determining the dorsal ex-
maternal molecules controlling D/V patterning in com-pression limits of these homeobox genes and EGF-R
mon between Drosophila and Xenopus, it remains to besignaling, presumably potentiated by Rhomboid expres-
determined whether these earlier acting steps are basedsion in ventral neuroectodermal cells, suppresses ex-
on diverse or conserved mechanisms.pression of the msh gene. The vertebrate Nkx-2 and
It also seems likely that there are organism-specificMsx genes are expressed in similar patterns relative to
pathways involved in subdividing theectoderm into neu-the future floorplate of the neural tube (see D'Alessio
ral versus nonneural components. For example, flies
and Frasch, 1996, and references within). It will be inter-
require a sensitized genetic background to reveal a role
esting to determine whether Dpp/BMP-4 diffusing into
for Sog in blocking Dpp autoactivation in the neuroec-
the neuroectoderm from the adjacent nonneural ecto-
toderm (Biehs et al., 1996). This suggests that another
derm plays a role in subdividing the neuroectoderm into pathway collaborates with Sog to block Dpp expression
these two expression domains. in the neuroectoderm. Dorsal, which represses dpp ex-
Species-Specific Parallel Pathways May Also pression in ventral and lateral cells, appears to be one
Contribute to Early Neural Patterning factor acting in concert with Sog to block lateral dpp
While the previous discussion highlights the striking de- expression (Biehs et al., 1996), although it has not been
gree of evolutionary conservation in the mechanism for resolved whether this is due to direct repression by
partitioning the ectoderm into neural versus nonneural Dorsal or results from activation of another Dpp antago-
components, it is not as clear that other aspects of nist. As no Dorsal-related protein has been implicated
D/V patterning have been conserved. For example, no in vertebrate D/V patterning, the collaboration between
vertebrate Dorsal-related gene has been implicated in Sog and Dorsal is most likely specific to flies or inverte-
early Xenopus development. Likewise, none of the iden- brates. The observation that BMP-4 autoactivation can
tified maternally provided molecules in Xenopus thought be triggered in dino single mutant zebrafish also is con-
to influencethe position of the neural versus the nonneu- sistent with there being no equivalent maternal backup
ral ectoderm have been found to play a role in establish- pathway in vertebrates.
ing D/V polarity in Drosophila. In Xenopus, the point In frogs, there are other neuralizing factors in addition
of sperm entry in the animal hemisphere defines the to Chd produced by the Spemann organizer such as
opposing dorsal position of the Nieuwkoop center. Noggin, Follistatin, and Xnr3 (Xenopus nodal related 3),
Sperm entry triggers a cortical rotation and high levels which block BMP-4 activity (for review, see Hemmati-
of nuclear b-catenin in the Nieuwkoop center, perhaps Brivanlou and Melton, 1997). Noggin functions like Chd
by inhibiting the activity of Xgsk-3. High levels of nuclear to bind BMP-4 with high affinity. Also, FGF may play a
b-catenin in the Nieuwkoop center trigger expression role in posteriorizing neuroectoderm following its role
of the siamois homeobox gene, which is likely to act in in mesoderm formation. Although Xenopus Noggin can
combination with maternal signals such as Vg-1 and block Dpp signaling in flies (Holley et al., 1996), there is
FGF to direct dorsal animal cells to form the neural- as yet no evidence that there are fly homologs of noggin,
inducing Spemann organizer (for references, see Lara- follistatin, or nodal. A fly FGF has been isolated, but it
does not play a role in neural development.bell et al., 1997). As there are currently no identified
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Another potential difference between vertebrates and
invertebrates is the mechanism by which neurogenesis
is excluded from the mesoderm. In Drosophila, ventrally
expressed Snail is responsible for repressing expression
of neuroectodermal genes such as sog, rho, and AS-C
genes in the mesoderm. While a Xenopus homolog of
Snail has been identified, it is expressed too late to
prevent mesodermal expression of early neural markers.
In fact, the Spemann organizer, which expresses neural
inducers such chd, noggin, and follistatin, is comprised
principally of mesodermal cells that signal to the overly-
ing ectoderm following involution. In Xenopus, the
mesoderm is specified before neural induction and
these cells most likely have lost the competence to re-
spond to neural inducers by the time they are produced.
Thus, there is no obviously conserved mechanism for
defining neuroectodermal versus mesodermal cell fates.
Future comparative analysis between vertebrates and
invertebrates will be required to determine the extent
to which conserved versus organism-specific pathways
guide the first zygotic step of neurogenesis. In this re-
gard, it is instructive to consider the great nineteenth
century insights into development and evolution de-
duced from comparative studies of anatomy and devel-
opment. It seems that the time is ripe to revisit this
approach using the modern tools of molecular genetics.
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